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Ocean  vater  is  a  dilute  solution  of  salts  entering  its  composition. 

A  single  exception  is  calcium  carbonate,  and  the  question  as  to  whether 
sea  water  is  saturated  or  oversaturated  by  it  has  until  now  beer,  a  subject 
of  scientific  discussion.  The  question  of  obtaining  any  combination  of 
salts  from  ocean  vater  requires  its  enrichment  by  salt  and  the  crystallisa¬ 
tion  of  salt  from  the  concentrate  derived.  In  a  number  of  places  with  favor¬ 
able  climatic  conditions,  e.g,  on  the  shores  of  the  Black  Sea  and  the  Sea  of 
Asov,  ocean  water  is  concentrated  by  natural  evaporation  in  specially  con¬ 
structed  basins.  However'  in  certain  geographic  sones,  (Scandinavian  Penin¬ 
sula,  Northern  Kray,  the  USSR  Far  East,  etc,),  the  natural  evaporation  can 
not  be  achieved  owing  to  unfavorable  climatic  conditions.  The  relatively 
low  air  temperature  during  the  winter,  at  a  considerable  duration  of  it, 
raises  the  question  concerning  the  possibility  in  these  regions  of  a  winter 
concentration  of  sea  water  by  a  method  of  natural  freezing. 

Primitive  attempts  to  utilise  the  freeeing-out  of  salt  solutions  have 
been  undertaken  repeatedly.  For  example,  the  salt  works,  having  existed  at 
Selenglnskoye  Osero(Lake)  (Siberia)  operated  only  in  winter,  utilizing  the 
u-  -er-ice  lake  brine  [See  Note]  as  a  raw  material  ([Note]»  Refer  to  the 
Laksman  manuscript  "Advance  Notice  Concerning  Effects  in  Salt,  Accomplished 
by  Cold  Frosts  in  Favor  of  the  Salt  Works  in  Lauriya,"  1769,  Leningrad  Branch 
of  Central  Historical  Archives), 

There  are  a  number  of  reports  on  the  application  of  the  freezing-out  of 
brines  at  various  plants  in  the  Northern  Kray,  the  Urals  and  Eastern  Siberia! 
Seregovskiy  [See  Note  l],  Totemskiy  [See  Note  l],  Dedyukhinskiy  [See  Note  2], 
Ust'-Kutskiy  [See  Note  1 J ,  and  Usol'skly  [See  Note  3],  The  Pomorskiye  Salt 
Works  having  existed  in  the  last  century  (formerly  Kemskiy  Uyezd)  operated 
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only  in  winter,  utilising  the  under-water  solutions  of  sea  water,  additionally 
frozen  out  In  the  holes  along  shore.  There  are  reports  in  the  literature  [See 
Note  4]  on  the  conduct  in  Norway  from  1916-1919  of  large  experiments  on  ob¬ 
taining  cooking  salt  from  sea  water  with  the  application  of  electric  evapora¬ 
tors  after  a  preliminary  concentration  of  solution  by  the  freeslns-out  techni¬ 
que.  Unfortunately,  the  test  results  have  remained  unpublished  ([Note  ill 
K.  Skal 'kovskly,  Mining  Journal,  No.  4,  75-97,  1865.  [Note  2]i  5.  Lyubarskiy, 

Mining  Journal,  Nc.  5,  1871.  [Note  3~lx  N.  Prikhozhan,  Mining  Journal,  No.  1, 
33-35,  1931.  [Note  4ji  Venhart,  Kali,  No.  24,  372,  1939). 


I2')  Bperw  S  nUHijmox  ■ 


Fig.  1.  Keys  1.  temperature,  C°;  and  2.  time  expressed  in 
minutes. 


The  physico-chemical  studies  concerning  variations  in  the  salt  composi¬ 
tion  of  sea  water  during  its  cooling  were  conducted  chiefly  in  connection  with 
the  problems  of  oceanography. 


A  thermal  analysis  of  sea  water  was  conducted  at  the  suggestion  of 
Knudsen  Ringer  ([Note]«  Ringer.  Rapports  et  Proces-Verbaux  des  Reunions 
[in  French],  (Reports  and  Proceedings  of  Assembly),  XLVII,  226,  1928. 
Verhandel ingen  Rijks  Instituut  Voor  het  Onderroek  der  Zee  (Transactions  of 
Royal  Institute  for  Investigation  of  the  Sea),  1,  3-55,  1906).  For  the  ex¬ 
periments,  Ringer  utilised  the  ocean  water,  prepared  synthetically  according 


Co  Che  Dlccnar  analyse*.  Ue  have  presented  In  Fig.  1  Che  curves  obtained  by 
hie  for  Che  heating  of  sea  water  concentrates  frozen  at  low  temperatures. 
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"  VII  for  MgC^  solution  of  almost  cryohydric 
composition 

"VIII  for  a  concentration  of  CaCl"  solution 
"  IX  for  a  synthetic  solution  corresponding  to 
freesing-out  to  -50°  and  frozen  at  -80° 

Ringer  established  that  the  beginning  of  ice  separation  from  sea  water 
with  a  total  salt  content  of  35°/^  correspond!}  to  a  temperature  of  -1°.91C. 
Glauber's  salt  starts  to  separate  at  -8°.2.  The  chlorine  content  at  this  t emp- 
erature  is  68.9°/oo.  At  around  -23°C,  sodium  chloride  begins  to  crystallise. 
Magnesium  chloride  begins  to  separate  at  around  .36°  and  calcium  chloride 
crystallises  at  -53°.  As  a  result  of  the  separation  of  Glauber's  salt,  the 
rati.?  /Cl  decreases  with  a  decrease  in  temperature  (Table  1). 


Table  1 


(1)T*jinep.0C 

-8.2 

-9 

-10 

-12 

-15 

-20 

-25 

IIpBiieaaHBe  ( 3 ) 

SO, 

0.118 

0.143 

0 

0.080 

0.096 

32.3 

0,053 

0063 

55.0 

0.036 

0.043 

69.5 

1 

0.091  0012 

0.002 

0.068 

94.2 

Cepepay  a  am 

a 

so4 

a  (3) 

%  bususbu  S04 

1 

0.029 

79.7 

1 

0.014 

89.8 

Key »  1.  Temperature,  °C;  2.  Remark;  3.  %  of  separation  of  S04;  and 

4.  Our  conversion. 

In  the  freesing-out  of  1,000  g  of  sea  water  with  a  total  salt  content 
of  35°/oo*  w®  obtain  the  following  relationship  of  the  liquid  and  solid 
phases  (Table  2). 

The  solid  phase  forming  at  freesing-out  to  -30°  has  the  composition! 
931. 9g  of  ice,  20.23g  of  NaCl,  3.95g  of  Na^SO^  «nd  calcium  carbonate. 
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Table  2 


vj)  Teanep.  °C  j  —5 

—8.2 

-10 

-15 

-23 

-30 

2)Xl3KU  $131  (r)  .  .  I  429.5 

284.5 

234.0 

186.1 

134.9 

43.95 

(5)T»<pjM  $ua  (r)  .  .  |  570.5 

718i 

766.0 

613.9 

865 JL 

956.05 

UANijSOi  a  mpjol  | 

^  $a*«  (f)  .....  j  0.0 

s 

L84 

3.09 

aes 

3.95 

Key i  1,  Temperature ,  °Cj  2,  Liquid  phase  (g)j  3,  Solid  phaae  (g)» 
and  Na2S04  In  solid  phaae  (g). 


The  composition  of  the  liquid  phase  corresponding  to  this  saae  tempera¬ 
ture  Is s  MgCl2  -  117.00/ooJ  NaCl  -  81.9°/ooj  CaCl2  -  24.8<>/©©;  KC1  -  14.8  /eoi 

KBr  -  2.2°/eo;  and  Na2S06  -  0.9°/oo. 


At  a  temperature  of  -53°,  Ringer  Investigated  only  the  liquid  phase 
containing.  CaCl2  .  257°/oo}  HgCl2  -  25°/oo;  NaCl  -  12<>/ooj  KBr  -  20°/oo; 
and  NaBr  «•  3<>/oe. 


From  the  Ringer  data  which  have  been  presented,  we  can  form  a  conclu¬ 
sion  to  the  effect  that  during  the  freesing-out  of  sea  water,  the  separation 
of  calcium  sulfate  does  not  occur  and  the  metamorphl ration  of  the  solution 
proceeds  only  owing  to  the  crystallisation  of  sodium  sulfate  decahydrate 
(Glauber's  salt).  Therefore,  the  concentration  of  calcium  Ion  in  the  solu¬ 
tion  Increases  continuously  and  the  complete  frees! ng  of  the  system  occurs 
near  the  cryohydrlc  point  of  calcium  chloride. 


In  recent  years.  In  the  chemical  literature,  reports  have  been  pub¬ 
lished  by  Il'inskly  and  Sagaydachniy  on  a  study  of  the  poly thermal  areas  of 
crystallisation  of  Glauber's  salt  [See  Note]  (Na2S04  *  10  H20)  and  calcium 
chloride  bihydrate  [See  Note  2  (NaCl*  2  H20)  In  She  system  MgSO^  ♦  NaCl  «— 
Na2S04  +  MgCl2  ([Note  l]i  V.  P.  Il'inskly  and  A.  F.  Sagaydachnyy,  Journal 
of  Russian  Physical-Chemical  Society,  10,  1929.  [Note  2].  The  same  authors. 
Journal  of  General  Chemistry,  Vol.  I,  No.  5). 

The  authors  present  a  series  of  isotherms  of  this  system  and  provide 
quantitative  data  of  an  Intensive  Increase  with  a  decrease  in  temperature  In 
the  area  of  crystallisation  of  Glauber's  salt  owing  to  a  reduction  In  the 
separation  fields  of  magnesium  sulfate  and,  to  a  lesser  extent,  of  sodium 
chloride.  Below  a  temperature  of  0°C,  there  appears  a  field  of  sodium 
chloride  blhydrate,  increasing  at  a  decrease  in  temperature,  with  a  simul¬ 
taneous  reduction  in  the  area  of  anhydrous  salt  crystallisation.  The  compo¬ 
sition  of  the  system's  solid  phases  is  simplified  considerably,  since  all  of 
the  double  salts  forming  at  temperatures  above  0°C  disappear. 
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Proceeding  Co  a  study  of  the  process  of  freezing-oul  of  sea  water,  we 
did  not  have  access  to  the  above.listed  Ringer  data,  not  reflected  in  the 
chemical  literature,  however  the  basic  differences  between  our  initial  re. 
suits  end  Ringer’s  observations  compelled  us  to  accomplish  a  more  profound 
study  along  these  lines. 

As  an  initial  solution  for  the  freezing. out  experiments,  we  utilised 
a  synthetically  prepared  solution  corresponding  to  ocean  water  in  composition 
of  basic  salt  components  (according  to  Ful'd,  Table  3). 


Table  3 


ill _ 


NaCI 

KG 

KBr 

MgaJMgSO. 

CaSO, 

1 

CaCOj 

Cyxua 

co.uA 

H;0 

2J&  92 

0.065 

0.009 

0.322 

0.212  j 

• 

0.123 

l 

0.010 1 
-  1 

3.334 

96.67 

Keyi  1.  Total  salts. 

The  study  was  conducted  by  two  methods t  dynamic,  by  way  of  deriving 
in  curves  for  the  cooling  for  various  concentrations  of  the  above.listed 
solution,  and  static,  consisting  of  a  step-by-step  freezing-out  of  the  orig¬ 
inal  solution.  For  the  derivation  of  cooling  curves,  we  utilized  a  modified 
Beckman  device  incorporating  mechanical  vertical  mlxirg,  being  achieved  by 
means  of  a  crankshaft  device.  Temperature  was  measured  with  a  thermometer 
with  a  scale  division  of  0.1°,  which  established  the  measurement  accuracy  of 
>00.02. 

For  the  obtainment  of  stable  bending  points  on  the  cooling  curves, 
the  observance  of  the  following  conditions  has  primary  significance!  1) 
constancy  in  cooling  range  in  the  process  of  the  experiment,  2)  sufficient 
speed  of  mixing  and  3)  simultaneous  Introduction  of  seeding. 

The  first  condition  is  accomplished  by  means  of  a  gradual  reduction 
in  temperature  in  the  tank  being  cooled,  with  a  device  having  sufficient 
air  insulation.  Ulth  the  preliminary  tests,  it  was  established  that  it  is 
most  feasible  to  determine  the  cooling  rate  by  a  temperature  drop  of  0°,1  per 
minute.  At  a  more  rapid  conduct  of  the  experiment,  one  obtains  considerable 
supercoolings  and  a  diffused  bending  on  the  temperature-time  curve.  In  con¬ 
formity  with  the  selected  cooling  rate,  one  finds  the  mixing  rate  of  the  sol¬ 
ution,  which  can  be  established  only  by  preliminary  tests  in  reference  to  the 
design  of  the  mixer  and  dimension  of  the  vessel.  In  his  report  on  supersatu¬ 
rated  salt  solutions,  Fisher  [See  Note]  demonstrated  the  influence  of  the 
mixing  rate  on  the  extent  of  the  solution's  supersaturationi  only  at  ex¬ 
tremely  rapid,  turbulent  mixing  (more  than  3,000  revolutions  of  the  mixer) 
does  the  amount  of  supersaturation  (and  consequently  of  supercooling)  become 
independent  of  the  mixing  rate  ([Note]i  Fisher,  Investigation  of  Supersatu¬ 
rated  Salt  Solutions,  St.  Petersburg,  1912),  In  the  same  report,  the  author 
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establishes  the  so-called  "period  of  induction",  i.e.  the  time  span  fro®  the 
instant  of  Introducing  the  salt  seeding  into  the  supersaturated  solution  to 
the  beginning  of  crystallisation.  At  high  mixing  rates,  this  period  depends 
on  the  extent  of  supersaturation,  test  temperature  and  nature  of  salt.  Ac¬ 
cording  to  Van't-Goff,  salts  form  supersaturated  sciutions  the  store  easily, 
the  higher  th^it  product  of  valency.  Our  observations  indicate  that  for 
finding  the  inflation  point  corresponding  to  the  separation  of  Glauber's 
salt,  it  is  advantageous  to  introduce  the  seeding  6-7  minutes  prior  to  the 
start  of  crystallisation,  and  for  sodium  chloride  bihydrate,  2-3  minutes 
prior  to  the  beginning. 

It  is  Interesting  to  note  that  to  the  extent  that  it  is  difficult  to 
obtain  supercooled  solutions  of  sodium  chloride  above  0°-  we  find  the  propor¬ 
tionate  supercoolings  of  its  solutions  in  the  sone  of  low  temperatures.  This 
can  be  explained  by  the  increased  hydration  of  NaCl  molecules  below  0°C, 

It  is  very  difficult  to  obtain  an  inflection  point  for  ice  without  a 
considerable  supercooling.  Ve  can  assume  that  ice  has  a  large  period  of 
induction  and  the  seeding  should  be  introduced  10-12  minutes  prior  to  the 
beginning  of  separation,  but  during  this  time  interval,  the  "Ice  inocula¬ 
tion"  increases,  while  the  incidental  substance  Isomorphic  with  the  ice  will 
dissolve,. 

The  procedure  involved  in  the  step-by-stcp  freesing-out  of  sea  water 
consisted  in  the  cooling  of  the  solution  to  such  a  temperature  at  which 
there  was  established  a  ratio  of  solid  and  liquid  phases  advantageous  for 
analytical  purposes.  Based  on  the  composition  of  the  liquid  phase,  we  pre¬ 
pared  a  new  solution  which  was  frozen  out  at  a  lower  temperature,  and  so  forth. 
The  taking  of  samples  was  accomplished  with  a  pipet  equipped  with  a  collodion 
filter  (filtering  paper  soaked  with  an  alcohol-ether  solution  of  collodion). 
The  analysis  of  solutions  was  conducted  according  to  the  usval  procedures 
Cl'.-by  titration  according  to  Mohr,  S0"^--by  the  weight  method  in  the  form 

of  BaSO^,  HCOj'-.by  titration  according  to  Ruppln,  Kl-by  the  cobalt  nitrite 

method,  Ca”  by  the  weight  oxalate  method  after  two  and  three  repreclpi tat Ions, 
Mg”  was  determined  in  the  form  Mg2?20^. 

The  freezlng-out  tests  were  conducted  in  special  thermostats  filled 
with  a  solution  of  calcium  chloride  In  which  the  low  temperature  was  main¬ 
tained  by  the  operation  of  a  refrigerating  carbonic  acid  device.  For  con¬ 
venience  In  operation,  two  methods  were  provided  for  maintaining  the  low 
temperatures  in  the  thermostats i  by  way  of  direct  evaporation  of  carbon 
dioxide  in  coils  running  in  the  centr-1  distributing  tank  and  by  means  of 
supplying  this  tank  with  a  cold  calcium  chloride  brine  from  a  spare  tank, 
i.e.  a  "cold  storage". 

In  Fig,  2,  we  have  presented  the  system  of  thermostats.  The  cold 
brine  enters  from  the  central  tank  (No,  2)  Into  the  operating  tank  (tank 
No.  1)  along  tube  while  the  worm  conveyor  pumping  the  warm  brine  in 
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the  reverse  direction  through  tube  Is  functioning.  Motor  M  causing  the 
vara  conveyor  to  turn,  along  with  heater  H,  is  activated  and  deactivated  auto- 
statically  by  the  thermal  control  device,  T.  The  mixing  in  the  operating  cy¬ 
linder  of  the  glass  mixer  is  accomplished  by  means  of  a  friction  drive  of  the 
movement  from  the  central  tank  mixer.  In  the  diagram,  ve  do  not  indicate  the 
second  thermostat  or  the  '’cold  storage"  situated  in  the  engine  room. 


Fig.  2.  Keys  1,  Tank  No.  1}  and  2.  Tank  No.  2. 

In  this  manner,  ve  obtained  data  from  three  series  of  tests (  1)  cooling 

of  sea  vater  during  Intensive  mixing  for  2.3  days  vith  the  introduction,  into 
the  solid  phase  of  the  surplus  of  salts  being  separated  (equilibrium  states); 

2)  prolonged  (up  to  four  veeks)  freezing-out  of  sea  vater  vithout  mixing  and 

3)  freezing-out  of  a  solution  of  the  sea  vater  type,  lacking  in  CaSO^. 

The  results  of  a  thermal  analysis  of  sea  vater  and  its  concentrates  ob¬ 
tained  by  us  vith  the  method  of  cooling  curves  are  presented  in  Table  4,  con¬ 
taining  the  values  of  temperature  levels  corresponding  to  the  beginning  of 
salt  separation  (K.  E.  Gltterman  and  V,  F.  Korolev).  These  data  are  reflected 
in  Fig.  3  illustrating  in  a  very  graphic  manner  the  process  of  sea  vater 's 
cooling. 


On  the  horizontal  axis,  there  are  plotted  th^  values  for  the  concen¬ 
tration  factor  (K)  of  solutions  determined  by  the  relative  content  of  constant 
component,  l.e.  Mg  ion.  On  the  vertical  axis,  the  temperature  is  plotted. 

The  equilibrium  curves  divide  the  diagram  into  eight  areas i  I-  area  of  ice 
separation;  II-  area  of  combined  crystallization  of  ice  and  Glauber's  salt; 
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III.  area  of  ice  separation,  Glauber's  salt  and  sodium  chloride  bihydrate; 

IV.  area  of  crystallisation  of  Glauber's  salt;  V.  area  of  combined  separation 
of  sodium  chloride  bihydrate  and  Glauber's  salt;  VI.  area  of  crystallisation 
of  sodium  chloride  and  Glauber’s  salt;  VII.  area  of  crystallisation  of  sodium 
chloride  and  VIII.  unsaturated  solutions.  Boundaries  of  areas  I. II  and  IV.VIII 
are  represented  by  two  lines.  The  top  (broken)  line  pertains  to  the  case 
when  the  concentrates  of  normal  composition  are  subjected  to  cooling;  the 
lower  line  characterises  the  temperature  limit  of  the  separation  of  Glauber's 
salt  from  the  solutions  of  the  type  of  sea  water  not  containing  CaSO^.  With 

an  increase  in  the  concentration  of  solutions,  these  curves  gradually  merge, 
since  the  solubility  of  calcium  sulfate  decreases.  In  the  concentrates  of 
sea  water  saturated  with  common  salt,  the  solubility  of  CaSO^  is  so  slight 

that  the  curves  merge  together. 


The  diagram  indicates  the  parameters  of  the  cooling  process  of  various 
concentrates  of  ocean  water  and  permits  us  to  make  a  number  of  significant 
conclusions.  In  the  cooling  of  sea  water  of  the  composition  indicated  cbove 
at  a  salinity  to  .1°,8C,  ice  crystallisation  begins.  At  a  further  freezing, 
out,  the  separation  of  ice  occurs  so  intensively  that  at  .5°,  the  system  has 
a  pasty  consistency.  The  more  concentrated  solutions  begin  to  separate  ice 
at  temperatures  decreasing  correspondingly,  which  are  located  on  curve  ABB1. 
At  point  B  ,  there  occurs  a  simultaneous  crystallization  of  ice  and  Glauber’s 
salt.  To  this  point,  there  corresponds  a  solution  which  is  3.5  times  more 
concentrated  than  sea  water.  The  analogous  point  B  corresponds  to  a  solution 
not  containing  CaSO^,  with  the  concentration  factor  K  ■  4,  The  concentrates 


of  a  higher  multiplicity  to  K  ■  8.85  separate  the  Glauber's  salt  during  cool, 
ing  of  a  first  solid  phase.  The  corresponding  temperature  points  lie  on 
curve  B1C  for  solutions  of  normal  composition  and  on  curve  BC  for  the  same 
solutions  not  containing  CaSO^,  At  a  further  cooling  of  these  concentrates, 
as  the  second  solid  phase,  there  will  be  separated  either  ice,  i.e.  the  points 
belonging  to  the  line  B  BG  (for  the  solutions  with  a  multiplicity  ranging 
from  K  m  3.5  to  K  -  7,29)  or  sodium  chloride  bihydrate,  if  the  appropriate 
vertical  lines  intersect  line  IG.  For  the  last  solutions,  ice  proves  to  be 
the  third  solid  phase.  The  solutions  available  according  to  the  values  of 
concentration  factors  to  the  right  of  line  CD,  are  located  in  the  area  cf 
crystallization  of  cooking  salt  and  are  saturated  by  it.  The  cooling  of 
these  solutions  leads  to  a  separation  of  Glauber's  salt  as  a  second  phase 
at  temperatures  established  by  curve  CE  (or  of  magnesium  sulfate,  for  the 
higher  concentrates).  At  their  further  cooling,  there  occurs  a  transforma, 
tion  to  a  solid  phaset  sodium  chloride  converts  to  bihydrate;  line  IK  forms 
the  temperature  boundary  of  this  transformation. 


The  efforts  made  to  establish,  with  the  thermal  analysis  procedure, 
the  crystallization  temperature  of  calcium  carbonate  proved  fruitless;  we 
describe  below  the  behavior  of  this  salt  during  the  freezing.out  of  sea 
water.  It  is  known  that  in  water  free  of  CC^,  the  solubility  of  calcium 

carbonate  Is  very  low;  various  researchers  report  fluctuating  values  for 
the  product  of  solubility  of  this  salt,  on  an  average  established  as  the 


value  5  •  10  ,  which  corresponds  to  around  16  mg  of  CaCO^  per  liter  of  aoiu- 

tion.  The  basic  factors  influencing  the  solubility  of  calcium  carbonate  in 
water  arei  partial  pressure  of  carbon  dioxide  in  the  above-solution  space, 
temperature  and  concentration  of  hydrogen  ions,  determined  by  the  pH-value. 

In  the  presence  of  C(>2,  the  solubility  of  calcium  carbonates  increases  in¬ 
tensively  as  a  result  of  the  formation  of  the  more  soluble  calcium  bicarbon¬ 
ate.  Under  the  effect  of  the  CO2  present  in  air  (partial  pressure  PgQ^  3.0* 
*  1(T*  atm),  the  solubility  of  CaC03  is  raised  to  61  mg  per  liter  of  solution. 
In  case  of  dissolving  CaCO^  in  sea  water,  the  question  is  complicated  by  the 

presence  of  incidental  salts,  in  which  calcium  sulfate  reduces,  while  the  re¬ 
maining  salts  favor  the  solubility  of  CaC03.  In  view  of  the  basic  Importance 


of  studying  the  carbonate  equilibriums  in  ocean  water,  extensive  literature, 
collected  in  the  outstanding  monograph  by  Wattenberg  [s ee  Note]  has  been  de¬ 
voted  to  this  question  ([Noteli  H.  Wattenberg.  "Scientific  Results  of 
German  Atlantic  Expedition  on  the  ’Meteor*",  Vol.  VIII,  Berlin,  1933).  Ac¬ 
cording  to  Dittmar,  the  average  CaCO^  content  in  130  samples  of  sea  water 
comprises  0.124  g/l,  Wattenberg  studied  the  Ca.CQj  sea  water  system  at  23°C 
and  found  a  dependence  of  calcium  carbonate’s  solubility  on  Pgg^  and  pH  of 


the  solution.  Furthermore,  having  utilised  the  temperature  coefficients  de¬ 
termined  by  Buch  and  co-workers  (1932)  for  the  constants  of  carbonic  acid, 
with  the  aid  of  the  latest  physico-chemical  concepts,  Wattenberg  extended 
his  results  in  the  following  ranges  of  variablesi  temperature  from  0°  to 


+30°,  pH  from  7.3  to  8.5;  P  from  0.5 

co2 


10*^  to  10  •  10"^  atm.  Comparing 


the  data  derived  with  the  most  reliable  analyses  of  sea  water,  Wattenberg 
concludes  that  ocean  water  is  persistently  oversaturated  with  calcium  car¬ 
bonate. 


TEMPERATURES  (°C)  LEVELS  ON  COOLING  CURVES  OF  SEA 

WATER  CONCENTRATES  NOT  CONTAINING  CaSO, 

4 


Table  4 
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Key 1  1. 


no.  of  stop  (level);  2.  concentrates. 
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In  our  report,  we  were  interested  in  the  behavior  of  calcium  carbonate 
during  the  cooling  and  freesing-out  of  sea  water  and  its  concentrates.  For 
the  tests,  we  used  chemically  pure  calcium  carbonate  which  was  loaded  into 
the  cylinder  with  the  test  solution.  Mixing  of  the  system  was  achieved  by 
suction  of  atmospheric  air,  in  which  the  elasticity  of  CO2  fluctuated  in  a 


narrow  range  of  around  Pg^  “  3.0 


10"*  atm. 


Before  reaching  the  solution. 


the  air  passed  through  a  long  coil  inserted  in  a  thermostat  ana  was  cooled 
to  a  given  temperature.  The  test  was  conducted  for  9  days,  during  which 
every  2  days,  we  took  a  sample  of  the  solutions  and  it  was  established  that 
after  3  days,  the  solution  sustains  negligibly  small  variations. 


According  to  McCoyrs  and  Smith*s  data,  equilibrium  is  established  in 
2.3  days,  while  Uattenberg's  observation  indicates  that  even  after  26  hours, 
the  CaC03  solubility  does  not  change  (t°  -  20°).  We  tested  another  way  for 
approaching  an  equilibrium  state,  i.e.  from  the  aspect  of  supersaturation. 

We  passed  carbonic  gas  for  about  5-6  minutes  through  a  solution  with  a 
CaCOj  precipitate.  A  significant  part  of  the  CaC(>3  became  dissolved,  con¬ 
verting  to  Ca  (HC03>2.  Then  we  pumped  atmospheric  air  through  the  solution 

for  8-9  days  and  we  observed  tha  changes  occurring  in  the  liquid  phase. 

In  this  connection,  we  found  that  the  values  derived  for  the  solubility  of 
CaC0«  proved  to  be  quite  fortuitous  (depending  on  intensity  and  time  of 
CC^'s  passage)  and  clearly  exaggerated  up  to  200.300%  as  compared  with  the 
results  obtained  at  gradual  saturation  of  the  solution  by  calcium  carbonate. 
We  have  shown  in  Table  5  the  solubility  of  CaC03  in  sea  water  concentrates 
at  various  temperatures  (K.  E,  Gitterman  and  M.  H.  Vil*ner). 

Table  5 


SOLUBILITY  OF  CaC03 


IN  SEA  WATER  DEPENDING  ON  SALINITY  AND  TEMPERATURE 


(P, 


co2  - 


3.0  •  10“^  atm). 


'X  1  )  .)/*- 

(°C) 

®/„cr\v 

! 

-L8 
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-3.5 

-4.8 

1 

-7.4 

18.5 

0.114 

- 

37.0 

0.099 

0.094 

— 

45.0 

0.093 

.  0.086 

0.082 

_ 

55.5 

0.C84 

0.073 

0.071 

_ 

65.0 

0.077 

0.067 

1 

0.062 

0.056 

Key  1  1,  Temperature  (°C). 
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Examining  the  individual  isotherms,  we  can  conclude  thaC  with  an  in¬ 
crease  in  the  aslinity  of  the  solutions,  the  solubility  of  calcium  carbonate 
decreases,  A  drop  in  temperature  operates  in  the  same  direction;  thia  con¬ 
tradicts  the  general  trend  of  the  solubility  curves  theoretically  derived  by 
Wattenberg  who,  basing  his  calculations  on  an  Increase  In  the  coefficient  of 
CO2  absorption  at  a  drop  in  temperature,  did  not  consider  that  this  factor 
is  counteracted  by  the  positive  temperature  factor  of  CaCOj  solubility  re¬ 
vealed  in  the  solutions  free  of  CC^.  It  can  be  postulated  that  at  a  certain 
partial  pressure  of  C(>2  in  the  above-solution  space,  the  variation  ir.  temp¬ 
erature  in  a  narrow  range  will  not  be  reflected  on  the  solubility  of  calcium 
carbonate,  since  a  compensation  of  opposing  factors  will  occurs  at  an  In¬ 
crease  in  temperature,  there  will  be  a  slight  reduction  in  absorption  of  COj 

by  the  solution,  which  will  involve  the  dissociation  of  the  corresponding 
amount  of  bicarbonate,  but  in  view  of  the  Increase  in  the  solubility  of  CaC03, 
its  separation  will  not  occur. 

Without  special  assumptions,  it  is  difficult  to  make  a  detailed  compar¬ 
ison  of  the  CaCOj  solubility  values  obtained  by  us  for  relatively  concen¬ 
trated  solutions,  with  those  calculated  by  Wattenberg;  we  present  in  Table  6 
the  variation  in  the  solubility  of  calcium  carbonate  in  the  process  of  cool- 
irg  and  freesing-out  of  sea  water;  based  on  the  values  obtained  for  the  solu¬ 
bility  of  CaC03,  we  have  computed  the  extent  of  its  separation  at  various 
temperatures  In  relation  to  the  content  of  carbonate  in  the  solution  cooled 
to  inception  of  ice  crystallisation. 

Table  6 

SOLUBILITY  AND  EXTENT  OF  SEPARATION  OF  CaCQ-j  DURING  FREEZING-OUT  OF  SEA  WATER 

(FC02  S'  3.0  #  10-4  *tB> 


(iT“T2T7 

'  Si  iTenne-! 


p»T. 

(°C) 


no 

nop. 


C! 

Woo) 


j  i  (3) 

'CsCCj!  CTen 


Wrj 


■eneai 

nujeae- 

HM 

CaCO, 


W~ 

Taepiu 


(5) 


Uptsenanse 


1 


1 


TW-U| 

+15 

0 

0 

—1.6 

-3.5 

-4.8 

-7.4 


A3.u  • 


13.5 

19.5 

18.5 
18.5 
37.0 
45.0 
65.0 


0067 
0.090 
0.110 
0.114 
0.094 
O.G82 
0.056 1 


53.S 

70.1 

86.0 


OIVO| 

CaCO, 

CaCO, 

CaCO, 

CaCO, 

CaCO,  +  ion 


( 6 )  4mraap  (.cjibjik,  a*  10O  upuu; 
j(  7  )ptcciHT&Ho  no  BaneHCepry 

(8) 

rETTepuas  n  Baataep  (ohuthmo 
jumsue) 


Key  1  l. 
of  CaCO 


No.  in  series;  2,  Temperature,  °C;  3,  Extent  of  separation 
y  4.  Solid  ohase;  5.  Remarks;  6,  Dlttmar  (average  of  130 
samples);  7,  Calculated  according  tc  Wattenberg;  and  8,  Gltterman 
and  Vil’ner  (experimental  data). 
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In  this  Banner,  at  the  freezing-out  of  sea  water  to  -3.°5C  (37°/oo)» 
around  59%  of  the  calcium  carbonate  is  precipitated.  At  further  cooling, 
the  intensity  of  its  release  decreases  somewhat i  at  -7°.4,  14%  of  CaCC>3 
will  reaain  in  the  solution. 

At  a  temperature  of  -7<>.3C,  crystallisation  of  Glauber's  salts  begins 
and  the  solution  susts’ns  appreciable  variations  in  its  composition.  We 
have  collated  in  tables  7,8  and  9  the  resulting  material  permitting  us  to 
trace  the  gradual  metamorphi ration  of  sea  water,  as  well  as  the  order,  compo¬ 
sition  and  quantity  of  salts  being  separated.  At  a  further  drop  in  tempera- 
ture,  the  incipient  crystallisation  proceeds  extremely  intensively,  the  sep¬ 
aration  of  S0W4  in  the  fora  of  Glauber's  salt  cooprises  around  59%  at  -10O; 
around  84%  at  -15°,  of  the  SO"-  content  in  sea  water.  Around  -15°,  the  solu- 

•4 

ticn  is  saturated  by  calcium  sulfate  and  at  further  cooling,  interaction  of 
the  solid  and  liquid  phases  occurs,  consisting  of  a  partial  transformation  of 
the  sodium  sulfate  into  calcium  sulfate  according  to  the  following  reactioni 


Na*S04  -}-  CaClj  -»  CaSO,  -f  2NaCi. 


In  this  manner,  in  the  stage  of  the  process  being  described,  the  compo¬ 
sition  of  solid  phases  includes  (in  addition  to  calcium  carbonate)  sodium 
and  calcium  sulfates.  At  a  temperature  of  -22°.4,  sodium  chloride  is  added 
to  them,  crystallising  in  the  form  of  NaCl  •  2^0.  From  this  moment,  the 

total  concentration  of  the  solution  (%  of  total  salts)  occurs  gradually,  as 
this  also  takes  place  in  the  evaporation  of  sea  water  in  the  stage  of  precip¬ 
itation  of  sodium  chloride. 

We  have  shown  in  Fig.  4.  the  path  for  the  crystallisation  of  salts  in 
the  process  of  freer ing-out  the  sea  water.  The  base  of  the  diagram  i»  formed 
by  the  sector  of  horicontal  projections  of  various  isotherms  of  the 
NaCl—MgSO^— .i^O  system.  In  the  calculation  of  indexes  according  to 
Le-Chateller-Jeneke,  we  tentatively  excluded  CaC^  from  the  composition  of 

tho  solutions  and  the  difference  in  gram-equivalents  (Cl'  +  1/2  60"^)  —  1/2 
Mg**  was  adopted  for  the  gram-equivalent  of  sodium  (Na*). 

The  point  of  the  composition  of  sea  water  at  low  temperatures  lies  in 
the  field  of  Glauber's  salt.  The  incipient  crystallization  of  this  sale 
causes  the  corresponding  movement  of  a  symbolic  point  along  the  path  of 
Na2S0^.  Around  -22°. 6,  the  crystallization  path  is  distorted  as  a  result 
of  the  precipitation  of  sodium  chloride  bihydrate,  where  the  relative  compo¬ 
sition  of  czystallizing  salts  is  determined  for  each  point  of  an  appropriate 
tangent  derived  for  the  side  (Na2Cl2«-Na2SO^)  of  a  Jeneke  aouaro.  The  follow¬ 
ing  concentrates  are  located  on  the  diagram  path  originating  from  a  point 
quite  close  to  the  NaCl  pole,  l.e.  during  this  period,  the  crystallization 
of  almost  pure  sodium  chloride  bl hydrate  occurs. 
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Table  8 


SALT  BALANCE  IN  PROCESS  OF  FREEZ;NG-OUT  OF  SEA  WATER 
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Key*  1.  No.  of  point*}  2.  Temperature,  °C;  3.  Relationship  of 
phases  (g)}  3a.  liquid;  3b.  solid;  U.  Composition  and  quality  of 
salts  (g  per  kg  of  sea  water);  5.  Salts  released  (g);  6.  Residue 
of  salts  in  liquid  phase  (g);  and  7.  Total  salts  (g). 

The  typical  bending  of  the  path  in  the  direction  of  magnesium  sulfate 
(also  expressed  for  lines  of  dual  equilibrium  NaCl  •  2H20— Na2S04  •  10  H2Q 
of  superjacent  Isotherms)  is  explained  by  the  increased  solubility  of  Glauber’s 
salt,  evoked  by  an  increase  in  the  magnesium  chloride  concentration  an  y 
the  precipitation  (from  the  solution)  of  an  analogous  ion  Na*  in  the  form  of 
NaCl  •  2H,0.  The  relative  amount  of  the  precipitated  sodium  chloride  and  o 
dissolved  sodium  sulfate  for  any  point  in  this  sector  of  the  crystallization 
path  is  determined  by  a  tangent  drawn  to  the  Intersection  with  the  extension 
of  side  Na2Ci2  of  the  Jeneke  square.  Additional  freezing-out  was  not  con¬ 
ducted  but  it  can  be  envisioned  that  the  last  experimental  point  lies  near 
the  lncongtuent  point  of  the  combined  crystallization  of  ice,  sodium  chlorld 
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bihydrate  and  sodlua  and  magnesium  sulfates.  In  the  case  of  a  sufficient 
quantity  of  Glauber's  salt  in  the  solid  phase,  at  this  point  there  would 
have  developed  a  complete  freezing  of  the  solution;  however,  since  the 
aolar  content  of  a  magnesium  ion  in  sea  water  exceeds  the  sane  for  an  SO"^ 

ion,  a  decrease  in  temperature  leads  to  the  processing  of  the  Glauber's  salt 
to  dodecahydrate  of  aagnesiua  sulfate  (MgSO^  *  12  i^O)  and  to  the  disappear* 
a nee  of  the  liquid  phase  only  in  the  point  of  aagnesiua  chloride's  (MgCl2  *  12 
H2O)  precipitation.  The  obtainaent  of  equilibrium  states  in  this  sector  of 
the  polythem  is  quite  difficult  owing  to  the  hindered  state  of  the  interphase 
processes,  which  is  explained  in  turn  by  the  solutions'  high  viscosity  and  by 
the  inactivity  of  the  molecules  and  ions,  the  hydration  of  which  increases 
greatly  with  a  decline  in  teaperature. 


Table  9 

EXPERIMENTS  IN  PROLONGED  FREEZING- OUT  OF  SEA  WATER  WITHOUT  MIXING 
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Keyi  1,  No,  of  test}  2,  Solution  teaperature,  °C;  3,  Composition 
of  liquid  phase  (%  by  weight);  4,  Total  salts;  and  5.  %  of  separa¬ 

tion  into  solid  phase  of  content  in  sea  water. 

We  have  r/nown  in  Fig,  5  the  phase  relationship  at  freezing-out  of  sea 
water.  The  relative  growth  of  the  solid  phase  proceeds  with  a  gradual  delay 
and  intensifies  during  the  stage  of  NaCl  •  21^0  precipitation.  For  the  last 
experimental  point,  for  1  kg  of  sea  water  we  obtain  9?4  g  of  solid  phase  and 
26  g  of  solution. 

The  presence  of  calcium  salts  in  the  system  is  important  in  two  freezing- 
out  stages*  during  the  precipitation  of  Glauber's  salt  prior  to  the  inception 
cf  sodium  chloride's  crystallization  and  in  the  final  stage  of  the  magnesium 
sulfate's  crystallization. 

We  have  already  directed  attention  above  to  the  development  of  the  re¬ 
action*  CaSC^  *  2  NaCl  -  N^SO^  +  CaC^  in  the  process  of  cooling.  During 
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the  evaporation  of  sea  water,  in  the  range  of  standard  temperature*,  the  equi¬ 
librium  between  these  salts  is  shifted  to  the  left  all  the  way  to  total  pre¬ 
cipitation  of  calcium  sulfate.  In  the  case  of  freezing-out,  with  a  tempera¬ 
ture  drop,  equilibrium  is  shifted  to  the  right,  and  sodium  sulfate  is  precip¬ 
itated.  In  the  program  at  the  Institute  of  Halurgy  on  the  Sc.u  y  o  .  P 
cooling  of  sea  water,  conducted  under  the  general  supervision  of  Prof.  v.  r. 
IlM^kiy,  V.  F.  Korolev  [See  Note]  studied  the  polythermal  area  of  Glauber  s 
salt  crystallisation  in  the  system  described  from  -3.0  to -21  .6.  ([>oteji 
V.  F.  Kciolev,  "Equilibrium  States  in  CaS04  -  NaCl  -  H20  System  ). 


Fig.  4.  Keys  1.  Index  S04;  2.  Index  Na2;  3.  Path  of  freezing-out 
of  sea  water;  4.  Index  Mg**;  5.  evaporation  of  sea  water;  6.  Tenar 
dite;  7.  Astrakhan! te;  and  8.  Epsomite. 


In  Fi*.  5  in  V.  F.  Korolev’s  report  included  in  the  present  collection, 
he  has  portrayed  a  part  of  this  system  in  a  Jeneke  square.  The  broken  lines 
indicate  the  fields’  boundaries  at  -5°.0.  A  large  part  of  the  diagram  has 
been  made  as  an  i~e  area.  The  development  of  an  ice  field  proceeds  ^om 
poles  of  na2S0.  and  CaS04.  There  occurs  parallo.ly  a  compression  of  the  are 
for  crystallization  of  NaCl  •  2H20  as  a  result  of  the  growth  of  CaSO^  •  2h20 
fields,  wherein  the  points  of  ternary  equilibrium 


K-ice  +  Na2S04  •  10  Hz0  -r  CaS0/+  •  2H20  and 

M— NaCl  •  2H20  +  Na2S04  •  10  HjO  +  CaS04  •  2H20 

with  a  drop  in  temperature  approach  each  other  and  merge  at  -21°. 6;  at  this 
moment,  we  have  the  coexistence  of  four  solid  phases  and  a  further  drop  in 
temperature  leads  to  a  disappearance  of  the  solution  if  the  molar  relation¬ 
ship  is  such  that  tha  amount  of  CaCl2  in  the  liquid  phase  is  less  than  t  e 
quantity  of  Na2S04  in  tho  solid  phase.  Otherwise,  there  will  occur  a  com¬ 
plete  reprocessing  of  Glauber’s  salt  based  on  the  reaction  CaCl2  +  Na2504  - 
-  CaS04  +  2 NaCl  and  the  number  solid  phases  will  decrease  to  three. 
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According  to  this  aodlf ication,  the  complete  solidification  of  the  systesi 
will  develop  at  the  cryohydric  point  CaCl2  —  HjOj  l«e,  at  around  «55°C, 


Fig,  5.  Keys  1,  Solid  phase;  2.  Temperature;  and  h.  Liquid  phase. 

It  follows  from  the  phase  equilibriums  that  for  a  four-component  solu¬ 
tion  of  CaCl2— Na2S04— H20,  at  a  molecular  relationship  of  the  Ca,#  and  SO", 
ions,  such  as  occurs  in  sea  water,  complete  freezing  should  set  in  at  -21°, o 
C;  however,  in  the  presence  of  magnesium  chloride,  the  solution's  freezing-out 
will  proceed  further  and  in  the  subsequent  stage  of  the  process,  the  calcium 
salts  lose  their  significance  and  the  primary  role  is  assumed  by  the  above- 
described  reaction  of  the  mutual  pair  MgSO^  +  2NaCl  ■  ^280^  +  MgCl2;  in  the 
case  of  a  rise  in  the  molar  concentration  of  Ca**  above  SO"^,  at  the  point  of 
magnesium  chloride's  crystallisation  there  should  again  be  manifested  the 
effect  of  calcium  salts  according  to  the  resultant  reactions 

CaClj  +  MgSOi  ^  MgClj  +  CaSO*. 

After  the  reprocessing  of  the  precipitated  magnesium  sulfate  into  gypsum, 
the  solution  car.  be  subjected  to  a  further  freezing-out,  all  the  way  to  its 
disappearance  in  "cryo-eutonics"  i,e.  around  .52°, 2  [See  NoteJ;  however,  in 
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sea  water  and  its  concentrates,  the  molar  content  of  Ca* *  is  less  than  SO^ 
and  hence  the  final  point  of  the  solution's  existence  corresponds  to  the 
precipitation  temperature  of  MgCl2  •  122G.  In  sea  water,  the  presence  of 
small  amounts  of  potassium  salts  does  not  alter  the  overall  pattern  of  the 
discussion.  It  is  evident  from  Table  8  for  the  salt  balance  that  the  crystal¬ 
lisation  of  potassium  chloride  begins  directly  below  -33°C  ([hoteji  Prutton 
and  Tower,  Journal  of  American  Chemical  Society,  54,  3040,  1932.  The  authors 
studied  the  system  CaCl2  — MgCl,  —H2C  at  0°,  -15°,  -30°  and  found  that  com¬ 
plete  freesing  develops  at  -52.°2C). 

In  this  way,  we  have  collected  and  developed  experimental  material  typi¬ 
fying  the  process  of  sea  water's  freezing-out.  The  analysis  made  of  the 
phenomena  occurring  during  the  cooling  of  ocean  water  could  prove  useful  in 
studying  life  in  the  arctic  seas.  Comparing  our  data  with  Ringer's,  we  ore 
able  to  conclude  that  this  researcher  failed  to  consider  the  reversible  pro¬ 
cesses  developing  during  freezing-out.  This  was  the  outcome  of  a  procedural 
error,  consisting  in  a  periodic  separation  of  the  solution  from  the  solid 
phases;  as  a  result,  the  interphase  reactions  could  not  take  place.  Con¬ 
ducting  an  artificial  separation  of  the  solution  from  the  solid  phases. 

Ringer  converted  sea  water  to  a  class  II  solution  and  established  the  "cryo- 
eutonics"  corresponding  to  the  crystallization  temperature  of  CaCl2  *  0H2O. 

We  have  noted  a  high  value  of  the  reaction  of  dual  exchange  of  CaSO^  ♦ 

4-  2NaCl^=PCaCl2  +  Na2SO^,  having  in  the  first  stage  of  freezing-out  an  orien¬ 
tation  from  left  to  right,  while  from  the  moment  of  crystallization  of 
NaCI  •  2H-zO,  the  trend  is  reversed.  As  a  result  of  this,  the  calcium  ion 
is  practically  eliminated  from  the  solution's  composition  and  the  system's 
"cryo-eutonics"  corresponds  to  the  crystallization  temperature  of  KgCl2  •  12H2O. 

The  technological  significance  of  the  study  completed  consists  in  the 
obtainment  of  numerous  design  factors  of  the  freeting»out  process  collated  in 
the  salt  balance  table  (Table  8),  Under  the  proper  climatic  and  natural, 
geographic  conditions,  the  freezing-out  of  natural  salt  brine  can  form  the 
technical  method  for  their  concentration  and  enrichment, 

1  CONCLUSIONS 

1.  We  have  accomplished  a  technical  analysis  of  ocean  water  from  0° 
to  the  temperature  of  complete  freezing. 

2.  We  have  established  the  crystallization  temperature  of  salts  for 
sea  water  and  its  concentrates,  and  have  formulated  a  polythermal  diagram 
typifying  the  cooling  process  (Pig.  3)c 

3,  We  have  made  a  quantitative  evaluation  of  the  behavior  of  the  essen¬ 
tial  salt  components  at  the  freezing-out  of  see  water,  presented  in  the  salt 

balance  table  (Table  8). 

4,  We  have  identified  the  presence  of  the  interphase  processes  having 

primary  significance  and  explained  oy  the  exchange  reactions  CaSC,  + 

+  2NaC13±  Na^SO,  +  CaCl..  4 

4  2 
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5.  finally,  we  have  investigated  the  polythernal  range  of  Glauber's 
salt  crystallisation  in  the  CaS04— had— .HjO  systea  (V.  F.  Korolev),  in  which 
Che  results  obtained  confirm  the  concepts  previously  expressed. 
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